B
and T lymphocytes are the main effectors of the adaptive immune system and function to eliminate specific pathogens, to discriminate between self and foreign antigens, and to develop immunological memory (1) . Mature follicular B (Fo B) cells play a critical role in an effective immune response by producing soluble antibodies that bind to pathogens at specific epitopes, which leads to their degradation (2) . Antigen binding to the B-cell receptor (BCR) results in rapid proliferation of Fo B cells in germinal centers (GCs) of the spleen and lymph node (3) . BCR stimulation leads to the initiation of a host of signaling cascades, including the p38 mitogen-activated protein kinase (MAPK) pathway, which has been demonstrated to control cell proliferation (4) , but the transcription factors responsible for controlling cell cycle genes downstream of p38 MAPK in B cells have not been clearly defined.
MEF2C is a MADS domain transcription factor that regulates the development and differentiation of many tissue types (5) . Underscoring its importance, inactivation of Mef2c in mice results in embryonic lethality at E10 because of profound cardiovascular defects (6) (7) (8) . MEF2C functions as a signaldependent transcriptional switch, which allows it to function as an integrator of a variety of upstream signals. It has been shown to be phosphorylated by p38 MAPK in myocytes and macrophages, which leads to increased expression of known MEF2-dependent targets (9) (10) (11) . The Mef2c gene is highly expressed in B cells of the spleen and lymph node (12) , but the function of MEF2C in B cells has not been determined previously.
In the present study, we inactivated MEF2C exclusively in B cells by conditional gene targeting in mice. Loss of MEF2C function resulted in a profound decrease in peak IgG1 titers on immunization with a T-dependent antigen because of a reduced GC response and severely diminished proliferative capacity. Gene expression profiling of Mef2c-null B cells demonstrated a decrease in many cell cycle genes and suggested a defect in the p38 MAPK pathway. We show that MEF2 activity is strongly stimulated by BCR stimulation and that this activation is dependent on direct p38 MAPK phosphorylation of MEF2C.
These data suggest a pathway in which MEF2C acts downstream of BCR signaling via the p38 MAPK cascade to drive B-cell proliferation in response to antigen stimulation. (Fig. 1A) . CD19 Cre is expressed exclusively in B cells from early in development (13) , such that this cross resulted in specific inactivation of Mef2c in B cells (Fig. 1B) . Mef2c B-cell KO mice were born alive and in Mendelian ratios (Fig. 1C) . The total number of B cells in the spleen and lymph nodes was similar between Mef2c KO and control mice (data not shown). All surface markers analyzed appeared to be expressed normally in Mef2c-deficient splenic B cells, with the exception of CD23, which exhibited a broader range of expression (Supplemental Material, supporting information (SI) Fig. S1 ).
Results

Mef2c
Because Mef2c expression was highest in Fo B cells (Supplemental Material, Fig. S2 ), we tested the function of these cells by immunizing 8-week-old Mef2c B-cell KO mice and littermate controls with a T-cell-dependent antigen and examined IgG1 titers at 0, 7, 14, and 21 days after immunization. Peak response for IgG1 at 14 days was reduced by 50% in Mef2c B-cell KO mice and remained low at 21 days ( Fig. 2A) . To determine whether the lower IgG1 titers in Mef2c B-cell KO mice were attributable to a defect in GC formation, we examined lymph nodes from B-cell KO and littermate control mice histologically at 14 days after immunization. IgD and peanut agglutinin (PNA) were used to highlight the lymphoid follicle and GC, respectively. IgD expression was similar in Mef2c B-cell KO and control lymph nodes, suggesting that follicle structure did not depend on MEF2C (Fig.  2B) . By contrast, Mef2c B-cell KO mice showed a reduction in the robustness of GC formation in response to antigen, as evidenced by staining with PNA (Fig. 2B) . Consistent with the reduced PNA staining by histology, Mef2c B-cell KO mice had fewer GC B cells (PNA ϩ , FAS ϩ , B220 ϩ ) than control mice (Fig.  2C ). These data indicate that Mef2c is important for the humoral response to immunization and GC formation.
MEF2C Regulates B-Cell Proliferation in Response to BCR Stimulation.
To test the hypothesis that the reduced GC response in Mef2c B-cell KO mice might be attributable to a defect in Fo B cell proliferation on antigen stimulation, we measured [ 3 H]-thymidine incorporation into B cells from Mef2c B-cell KO and control animals (Fig. 3 ). An equal number of immature transitional splenocytes (total B220 ϩ , AA4.1 ϩ ) and Fo B cells (B220 ϩ , AA4.1 Ϫ , CD21 ϩ , CD23 ϩ ) with equivalent levels of CD21 and CD23 expression between KO and control animals (Supplemental Material, Fig. S1 ) were isolated and allowed to proliferate ex vivo in response to BCR stimulation. Fo B cells from control mice exhibited 8-fold greater proliferation than B cells lacking MEF2C function when the BCR was stimulated by addition of ␣-IgM F(abЈ) 2 (Fig. 3, lanes 3, 4) . The difference in proliferation between KO and control animals was slightly reduced on exposure to higher concentrations of ␣-IgM F(abЈ) 2 (data not shown), suggesting that strong BCR stimulation could partially overcome the proliferative defect.
To determine if the requirement of MEF2C for proliferation was specific to BCR stimulation, we induced proliferation using bacterial LPS, which stimulates Toll-like receptors and associated signaling pathways, and therefore initiates B-cell proliferation via a non-BCR-dependent pathway (14) . Importantly, B cells lacking MEF2C function proliferated as well as control B cells in response to LPS stimulation (Fig. 3, lanes 5, 6) , indicating that MEF2C was not required for B-cell proliferation in general. As expected, immature AA4.1 ϩ B cells from both groups failed to proliferate on BCR stimulation (Fig. 3, lanes 1, 2) . These data demonstrate that MEF2C is a critical effector of B-cell proliferation in response to antigen stimulation of the BCR.
Activation of MEF2C by BCR Stimulation Requires p38 MAPK. BCR stimulation results in activation of p38 MAPK signaling and subsequent proliferation (15) . Previous studies performed in myocytes and macrophages have demonstrated that MEF2C is a direct target of p38 MAPK via phosphorylation of three residues in the C-terminal transactivation domain (10, 11, 16) . Therefore, we reasoned that MEF2C might be an effector of p38 MAPK signaling in B cells in response to BCR stimulation. To test this notion, we transfected the 2PK3 B-cell line with an MEF2- dependent reporter, composed of four MEF2 sites directing luciferase expression, and measured the activity of this reporter in response to BCR stimulation. BCR stimulation resulted in a Ϸ10-fold increase in MEF2-dependent activation (Fig. 4A , lanes 1, 2). This activation was dependent on MEF2 binding to the reporter, because transfection with a mutant MEF2 reporter showed no increase in luciferase activity in response to BCR signaling (Fig. 4A, lanes 5, 6) . Addition of SB203580, a p38-specific inhibitor (17) , blocked the activation of the reporter (Fig. 4A, lanes 3, 4) , indicating that p38 activity was critical for BCR-induced activation of MEF2. p38 MAPK functions via a downstream phosphorylation cascade that includes the MAPK kinase, MKK6 (18) . Consistent with a role for the p38 pathway in MEF2 activation in B cells, MKK6 EE , a constitutively active form of MKK6, induced MEF2 reporter activity in 2PK3 B cells by Ϸ5-fold (Fig. 4B, lanes 1, 3) . Interestingly, BCR stimulation of cells expressing MKK6 EE resulted in a strong synergistic activation of the MEF2-dependent reporter, which was blocked by addition of SB203580 (Fig. 4B, lanes 3-5) . These results further support the notion that BCR stimulation works through the p38 pathway to stimulate MEF2C activity.
To test the role of the p38 MAPK pathway further in the activation of MEF2C in response to BCR stimulation, we mutated the three p38 phosphorylation sites (T293, T300, and S387) in MEF2C to alanines and tested the activity of the MEF2-dependent reporter when coexpressed with this phosphomutant (P-mut) form of MEF2C (Fig. 4C) . MEF2C is expressed endogenously in 2PK3 B cells (data not shown), and expression of additional wild type MEF2C did not have an obvious influence on the ability of BCR stimulation to activate the MEF2-dependent reporter (compare ϳ10-fold activation in Fig. 4C , lane 2, with similar activation in Fig. 4A, lane 2) . By contrast, expression of MEF2C(P-mut) in 2PK3 B cells inhibited BCR-dependent activation of the MEF2-dependent reporter (Fig. 4C, lane 4) , suggesting that the P-mut form of MEF2C functioned as a dominant negative with regard to endogenous MEF2 activity and indicating that the p38 phosphorylation sites on MEF2C are important for the response to BCR stimulation.
To examine whether BCR stimulation results in the direct phosphorylation of MEF2C, we examined MEF2C and MEF2C(P-mut) by two-dimensional (2D) immunoblot in response to BCR stimulation (Fig. 5) . Transfection of B cells with a plasmid encoding a FLAG-tagged version of MEF2C resulted in the presence of a single spot on the 2D immunoblot (Fig. 5, compare A and B) . Stimulation of the BCR resulted in phosphorylation of MEF2C, which could be seen by the presence of two additional spots on the 2D immunoblot (Fig.  5C) . Detection of the phosphorylated forms of MEF2C was dependent on the p38 phosphorylation sites, because FLAG- 2) . Data represent the mean plus SEM for three independent assays. (lanes 2, 4) . Data in all panels represent the mean plus SEM for five independent transfections and analyses.
tagged MEF2C(P-mut) did not exhibit a change in isoelectric point in response to BCR stimulation (Fig. 5D) . These observations establish a link between BCR stimulation and the activation of the MEF2C transcription factor via p38 phosphorylation.
The dominant negative effect of MEF2C(P-mut) observed in Fig. 4C suggested that phosphorylation of MEF2C by p38 is essential for MEF2C to elicit a response downstream of the BCR. If this were the case, then MEF2C(P-mut) might inhibit B-cell proliferation in response to BCR stimulation. To test this notion, we used lentivirus to transduce MEF2C and MEF2C(Pmut) into primary Fo B cells isolated from wild type C57J/BL6 mice and measured [ 3 H]-thymidine incorporation in response to BCR stimulation (Fig. 6 ). On stimulation with ␣-IgM, primary Fo B cells expressing MEF2C(P-mut) showed greater than 90% reduction in proliferation compared with untransfected cells or cells overexpressing either wild type MEF2C or GFP (Fig. 6,  lanes 1-4) . By contrast, LPS stimulation of primary Fo B cells resulted in no difference in proliferation between cells overexpressing wild type MEF2C versus MEF2C(P-mut) (Fig. 6, lanes   7, 8) . Interestingly, there was a slight reduction in [ 3 H]-thymidine incorporation when either the wild type or P-mut form of MEF2C was introduced in primary Fo B cells stimulated with LPS (Fig. 6, lanes 5-8) , suggesting that overexpression of unphosphorylated MEF2C might interfere with activation of cell cycle genes in response to Toll-like receptor activation.
The observation that MEF2C controls B-cell proliferation in response to p38 phosphorylation downstream of the BCR strongly suggested that MEF2C might regulate the expression of cell cycle genes downstream of p38 MAPK signaling. To test this hypothesis, we examined the expression of an array of genes involved in the MAPK pathway, including numerous cell cycle genes, by Taqman real-time PCR (Table S1 ). Consistent with an MEF2C-dependent cell cycle program downstream of the BCR, we observed that the expression of many cell cycle genes was significantly reduced in unstimulated Fo B cells lacking MEF2C compared with controls, including Cyclin D3 (fold change ϭ Ϫ6.1, P ϭ 0.013), Cyclin B1 (fold change ϭ Ϫ5.7, P ϭ 0.030), Cdk inhibitor 1b (fold change ϭ Ϫ7.8, P ϭ 0.018), and Cdk inhibitor 1a (fold change ϭ Ϫ9.6, P ϭ 0.050). These results highlight the requirement for MEF2C for normal expression of cell cycle genes in Fo B cells and suggest a coordinated p38 MAPK-MEF2C-dependent program for proliferation on BCR stimulation.
Discussion Distinct Transcriptional Programs Control Unique Aspects of B-Cell
Proliferation. B-cell proliferation and differentiation in response to antigen are critical to a robust immune response and must occur rapidly during infection to limit tissue damage (3) . Given the importance of B cells in the immune response, it is not surprising that multiple B-cell intrinsic receptor pathways regulate B-cell proliferation, including Toll-like receptors in response to LPS and the BCR on specific antigen stimulation (15, 19) . LPS/Toll-like receptor-induced B-cell proliferation has been suggested to represent a more evolutionarily ancient pathway, characteristic of the innate immune system, whereas BCRdirected proliferation functions as part of a more versatile adaptive immunity (20) .
There MEF2C (B, C) , whereas P-mut MEF2C did not (D). Encircled is MEF2C; the arrows point to shifts in the isoelectric point of MEF2C. Spots were identified by molecular weight (MEF2C-FLAG ϭ ϳ53 kDa, IgG ϭ ϳ150 kDa) compared with a standard protein ladder run in nondenaturing conditions. transcriptional programs may function coordinately to control B-cell proliferation in response to unique stimuli with some pathways activating both classes of B cells, whereas others promote MZ or Fo B cell proliferation specifically. Our data demonstrate that MEF2C is a critical regulator of the adaptive immune response specifically downstream of BCR stimulation.
MEF2 Factors as Regulators of B-Cell Development and Function.
MEF2 transcription factors are widely appreciated for their roles in the development and function of muscle lineages, but Mef2 genes are broadly expressed, suggesting roles in numerous other tissues (5, 24) . Indeed, recent studies have highlighted roles for Mef2 genes in skeletal and craniofacial development and in the development and function of the central nervous system (5) . Here, we demonstrate an essential role for MEF2C in B-cell proliferation, IgG1 production, and GC formation in response to BCR stimulation. While this paper was in final preparation, Wilker et al. (25) reported similar findings, and our studies are generally in close agreement. The authors of that study also show that MEF2C is an important regulator of IgG1 production and GC formation in response to antigen stimulation, and they demonstrate an important role for MEF2C in proliferation downstream of the BCR (25). Wilker et al. (25) further show that the expression of several cell cycle and cell survival genes was reduced in the absence of Mef2c on BCR stimulation. However, the intracellular signaling molecules linking the BCR to MEF2C were not identified. Our work confirms and extends the report by Wilker et al. (25) by establishing that BCR stimulation results in activation of MEF2C transcriptional activity and that this occurs through direct phosphorylation of MEF2 by p38 MAPK.
Other Mef2 genes are also expressed in lymphocytes (12) (Fig.  S3) . Interestingly, Mef2a and Mef2d expression increased significantly when Mef2c was inactivated in B cells (Supplemental Material, Fig. S3 ), suggesting possible compensatory roles for other MEF2 family members in B-cell development and function. It is also interesting to note that other MEF2 proteins are regulated by p38 MAPK signaling in macrophages and in muscle and neural lineages (10, 26, 27) and that multiple isoforms of p38, including p38␣, p38␥, and p38␦, are abundant in B and T lymphocytes (28) . Together, these observations suggest that a wide array of p38 MAPK-MEF2 signaling pathways may function in various aspects of B-and T-cell development, responsiveness, and function. It will be important in future studies to define the requirement for different MEF2 family members and their posttranslational modifications in adaptive immunity.
Implications for MEF2C in B-Cell-Related Immune Diseases. Dysregulation of B-cell proliferation can cause inadequate immune response, immunodeficiency, or leukemia (29, 30) . Our results highlight an important role for MEF2C in regulating B-cell proliferation. In other tissues, MEF2C is known to function as a phosphorylation-dependent switch; as such, it can serve as either an activator or repressor of transcription (31) (32) (33) . In this regard, it is attractive to speculate that MEF2C may regulate B-cell proliferation both negatively and positively, depending on its phosphorylation state. Interestingly, deregulated Mef2c expression has been shown recently to accelerate Sox4-induced myeloid leukemia in a population of cells that share a common progenitor with B cells (34) . Our studies suggest that modulation of the p38 MAPK-MEF2C pathway may be an important target for controlling proliferation in leukemia and other diseases involving aberrant B-cell growth and function.
Materials and Methods
Transgenic Mice and Genotyping. CD19 Cre/ϩ , Mef2c ϩ/Ϫ , and Mef2c flox/flox mice have been described previously (13, 35) . For our studies, we backcrossed each of these strains for nine generations into a pure C57J/BL6 background. Genotyping was performed as reported previously (13, 35) .
Immunization and ELISA. Eight-week-old animals were immunized with 50 g of sterile 4-Hydroxy-3-nitrophenylacetyl-chicken gamma globulin (NP-CGG) precipitated in 9% AlK(SO 4)2 (pH 7.25) by intraperitoneal injection. For endpoint ELISA assays, plates were coated with 200 g of NP-BSA overnight at 4°C. For detection of NP-specific IgG1 titers, a 1:2000 dilution of goat antimouse IgM-AP or goat anti-mouse IgG1-alkaline phosphatase (AP) (Southern Biotech) was used. p-Nitrophenyl Phosphatase (Southern Biotech) was used as a substrate for the AP-conjugated antibodies. Relative titer concentrations were calculated by comparison to a standard curve from serial dilutions of sera from hyperimmunized wild type C57J/BL6 mice.
FACS.
Lymphoid organs were harvested and dissociated using a 70-m cell strainer into Hank's buffered salt solution with 4% FBS to create a single cell suspension. Cells were stained for 30 min with the following antibodies at a 1:40 dilution: B220-Peridinin-chlorophyll Protein complex (BD Biosciences no. 553093), CD21-FITC (BD Biosciences no. 553818), CD23-phycoerythrin (BD Biosciences no. 553139), and AA4.1-Allophycocyanin (APC) (eBiosciences no. 17-5892-82). Cell viability was measured by addition of propidium iodide (5 g/ml). Sorting was performed on a BD Biosciences FacAria cell sorter.
[ 3 H]-Thymidine Incorporation Assay. Immature (B220 ϩ , AA4.1 ϩ ) and Fo (B220 ϩ , AA4.1 Ϫ , CD21 ϩ , CD23 ϩ ) B cells were isolated by FACS as described previously. Next, 2 ϫ 10 5 cells were added in duplicate to a 96-well plate in RPMI-1640 plus 10% FBS. Cells were stimulated by addition of ␣-IgM F(abЈ)2 (7.5 g/ml; Jackson Immunoresearch no. 115-006-006) or LPS (5 g/ml) to each well and were incubated for 44 h at 37°C before addition of 1 Ci of [ 3 H]-thymidine to each well. Cells were then allowed to proliferate for another 4 h, when they were harvested, washed, and counted on a scintillation counter.
Plasmids and Tissue Culture. The MEF2 reporter plasmid, pMEF2 ϫ 4-E1b-luc was constructed by cloning four MEF2 consensus binding sites (GGGTTATTTT-TAGAGCGATCC) into a modified pGL2-Basic vector (Promega) that contains the adenovirus E1b minimal promoter. pMEF2 ϫ 4-E1b-luc (mut) contains mutations in each of the consensus binding sites (TTACCGGTAG). PRK5-MEF2C-VP16 has been described previously (36) . MEF2C(P-mut) was created by mutating the Mef2c cDNA at the regions encoding amino acid residues T293, T300, and S387 in the mouse protein (accession no. AAH26841) to alanines via PCR mutagenesis. The MKK6 EE expression plasmid has been described previously (18) . Plasmids pRK5-MEF2C-FLAG and pRK5-MEF2C(P-mut)-FLAG encode FLAG-tagged versions of MEF2C, which contain the influenza virus M2 FLAG epitope fused in-frame at the C-terminus of MEF2C.
For Amaxa transfections, 1 ϫ 10 6 2PK3 B cells were resuspended in 100 l of Amaxa solution V (VCA-1003), and 1 g of reporter plasmid and 1 g of activator plasmid were added to the cells, which were then subjected to electroporation using program X-001 on an Amaxa Nucleofector II machine. Cells were then plated in 1 ml of growth media in a 12-well plate, harvested 24 h after transfection, and assayed for luciferase activity. Fifteen micrograms of ␣-IgG F(abЈ)2 (Jackson Immunoresearch) was added to cells for BCR stimulation studies. The p38 inhibitor SB203580 (Sigma) was used at a final concentration of 10 M in DMSO.
Real-Time PCR. The Applied Biosystems Assays on Demand primer plus probe for Mef2c (assay no. Mm01344729m1) and HPRT (assay no. Mm00446968m1) were used to detect Mef2c expression. RNA was isolated from sorted B cells from 10 wild type C57J/BL6 mice. B-cell stages were defined using surface markers as follows: pro-B cell (B220 ϩ , CD43 ϩ , IgM Ϫ ), pre-B cell (B220 ϩ , CD43 Ϫ , IgM Ϫ ), immature B cell (B220 ϩ , CD43 ϩ , IgM ϩ , IgD Ϫ ), transitional 1 (B220 ϩ , AA4.1 ϩ , IgM ϩ , CD23 Ϫ ), transitional 2 (B220 ϩ , AA4.1 ϩ , IgM ϩ , CD23 ϩ ), Fo B cell (B220 ϩ , AA4.1 Ϫ , CD21 ϩ , CD23 ϩ ), and MZ B cell (B220 ϩ , AA4.1 Ϫ , CD21 ϩ , CD23 Ϫ ). Taqman-PCR was performed on an ABI 7500 Real-Time PCR machine. For RT-PCR array experiments, Fo B cells were harvested and sorted from KO and control animals as described previously. One microgram of RNA was then used to generate cDNA with the SuperArray RT 2 First Strand Kit. cDNA template and SuperArray 2 ϫ PCR master mix were then applied to the SuperArray Mouse MAPK signaling RT-PCR array and run on a Stratagene Mx3005p RT-PCR machine.
Two-Dimensional Immunoblot. B-cell lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton-X 100, 10 g/ml aprotinin, 2 g/ml leupeptin, 100 M PMSF, 5 mM DTT, 1 mg/ml lysozyme, 5 mM EDTA, and 100 M Na3VO4) was used to lyse transfected 2PK3 B cells for 30 min on ice. Lysates were pelleted, and resulting supernatants were subjected to the BioRad Ready-Prep 2-D cleanup kit and allowed to adsorb overnight in BioRad immobilized pH gradient (IPG) (pH 3-10) 11-cm strip. Isoelectric focusing was performed for 20,000 volt-hours, and IPG strips were then run in 10% BioRad Criterion XT native gel and transferred to Immobilon PVDF membranes. MEF2C-FLAG protein was detected using ␣-FLAG M2 primary (Sigma F3165) and goat anti-mouse IgG peroxidase conjugate (Sigma A4416) secondary antibodies. Membranes were then developed using the Amersham ECL kit. Lentiviral Transduction. MEF2C and MEF2C(P-mut) were amplified from their respective pCDNA1/amp (Invitrogen) expression plasmids using the following primers, which added a PacI site at the 5Ј end and an AscI site at the 3Ј end-Mef2c-PacIF: 5Ј-CGGCTTAATTAAATGGGGAGAAAAAGATTC-3Ј and Mef2c-AscIR: 5Ј-GGCGCGCCCTATTAAGTAATAATGTGATCA-3Ј. The PCR product was then ligated into the lentiviral packaging vector FuPw at the unique PacI and AscI sites. As described previously (36) , 293T cells were used to package the lentivirus. Following lipofectamine transfection into 293T cells, virus was produced for 48 h. A total of 6 ϫ 10 5 sorted primary Fo B cells were then added to a 12-well plate and infected with 2 ml of lentivirus-containing 293T supernatant. Cells were then transferred to a 96-well plate and subjected to [ 3 H]-thymidine incorporation assay.
